Glycine N-methyltransferase (GNMT) is a tumor suppressor for hepatocellular carcinoma (HCC). High rates of Gnmt knockout mice developed HCC. Epigenetic alteration and dysregulation of several pathways including wingless-type MMTV integration site (Wnt), mitogen-activated protein kinase (MAPK) and Janus kinase and signal transducer and activator of transcription (JAK-STAT) are associated with HCC development in Gnmt knockout mice. We hypothesized that GNMT may regulate signal transduction through interacting with other proteins directly. In this report, we identified a mammalian target of rapamycin (mTOR) inhibitor (DEP domain containing MTOR-interacting protein [DEPDC6/DEPTOR]) as a GNMT-binding protein by using yeast two-hybrid screening. Fluorescence resonance energy transfer assay demonstrated that the C-terminal half of GNMT interact with the PSD-95/Dlg1/ZO-1 (PDZ) domain of DEPDC6/DEPTOR. Immunohistochemical staining showed that 27.5% (14/51) of HCC patients had higher expression levels of DEPDC6/DEPTOR in the tumorous tissues than in tumor-adjacent tissues, especially among HCC patients with hepatitis B viral infection (odds ratio 10.3, 95% confidence interval [CI] 1.05-11.3) or patients with poor prognosis (death hazard ratio 4.51, 95% CI 1.60-12.7). In terms of molecular mechanism, knockdown of DEPDC6/DEPTOR expression in HuH-7 cells caused S6K and 4E-BP activation, but suppressed Akt. Overexpression of DEPDC6/DEPTOR activated Akt and increased survival of HCC cells. Overexpression of GNMT caused activation of mTOR/raptor downstream signaling and delayed G2/M cell cycle progression, which altogether resulted in cellular senescence. Furthermore, GNMT reduced proliferation of HuH-7 cells and sensitized them to rapamycin treatment both in vitro and in vivo. In conclusion, GNMT regulates HCC growth in part through interacting with DEPDC6/DEPTOR and modulating mTOR/raptor signaling pathway. Both GNMT and DEPDC6/DEPTOR are potential targets for developing therapeutics for HCC.
INTRODUCTION
Hepatocellular carcinoma (HCC) is the third leading cause of cancer deaths worldwide (1, 2) . The pathogenesis of HCC is complex and involves many molecular pathways (2, 3) . Activation of the mammalian target of rapamycin (mTOR) pathway has been reported in 15-50% of human HCC (4, 5) , suggesting the critical role this pathway plays in hepatic tumorigenesis (5-7). The TOR proteins are evolutionarily conserved serine/threonine kinases found in nearly all eukaryotic cells (8) . In response to stimulation, mTOR regulates cell growth through modulation of many processes, including protein synthesis, ribosome biogenesis and autophagy (8) . Recently, Peterson et al. (9) identified that DEP domain containing MTOR-interacting protein (DEPTOR; synonym: DEP
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Chia-Hung Yen, 1 Yao-Cheng Lu, 1 Chung-Hsien Li, 1 Cheng-Ming Lee, 1 Chia-Yen Chen, 1 Ming-Yuan Cheng, 2 Shiu-Feng Huang, 3 Kuen-Feng Chen, 4 Ann-Lii Cheng, 5 Li-Ying Liao, 6 Yan-Hwa Wu Lee, 7 and Yi-Ming Arthur Chen domain containing 6 [DEPDC6]) interacts with mTOR directly and serves as an mTOR inhibitor (9) . Overexpression of DEPTOR activates Akt via the inhibition of a negative feedback loop from S6K to phosphatidylinositol 3-kinase (PI3K). In addition, they found that DEPTOR is overexpressed in a subset of multiple myelomas harboring cyclin D1/D3 or c-MAF/MAFB translocations. In these cells, high DEPTOR expression is necessary to maintain Akt activation, and a reduction in DEPTOR levels leads to apoptosis (9) .
Glycine N-methyltransferase (GNMT) is a tumor suppressor for HCC (10, 11) . It regulates the ratio of S-adenosylmethionine to S-adenosylhomocysteine and serves as a folate binding protein (12, 13) . In addition, GNMT binds carcinogens such as polyaromatic hydrocarbons and aflatoxins and prevents the deoxyribonucleic acid (DNA) adduct formation and cytotoxicity induced by these carcinogens (14) (15) (16) . Diminished levels of GNMT were observed in both human HCC cell lines and tumor tissues (17, 18) . Previously, we and another group reported that high rates of both sexes of Gnmt knockout mice develop HCC spontaneously (10, 11) . Epigenetic alteration and dysregulation of several pathways including wingless-type MMTV integration site (Wnt), mitogen-activated protein kinase (MAPK) and Janus kinase and signal transducer and activator of transcription (JAK-STAT) are associated with the HCC development in Gnmt knockout mice (10, 11) .
In this study, we hypothesized that GNMT may regulate signal transduction pathways through interacting with other proteins directly. Therefore, we used a yeast two-hybrid assay to screen proteins that may interact with GNMT. We identified DEPTOR as a GNMT binding protein and further mapped their interactive domains. Clinically, we showed that DEPTOR is overexpressed in hepatitis B virus (HBV)-associated HCC tissues and is associated with poor prognosis. Loss of DEPTOR in HuH-7 cells activated S6K and 4E-BP, but reduced Akt activation and cell growth. Subsequently, we revealed that GNMT affects mTOR signaling by interacting with DEPTOR. Finally, we demonstrated that GNMT can sensitize HuH-7 cells to rapamycin both in vitro and in vivo.
MATERIALS AND METHODS

HCC Patients
Pathological slides of 51 pairs of tumorous and tumor-adjacent tissues from HCC patients were obtained from the Taiwan Liver Cancer Network (TLCN). The specimens were obtained from the liver tumor tissues removed from the patients; thus, the pathology stage can represent the status of tumor progression. The mean age of the patients was 60.0 ± 13.5 years. We divided them into three groups according to types of hepatitis viral infection: 16 patients (10 males and 6 females) were hepatitis B surface antigen (HBsAg)-positive, 18 patients (9 males and 9 females) were positive for anti-hepatitis C virus (HCV) antibody (Ab), and 17 patients (7 males and 10 females) did not have any hepatitis B or C markers. Informed consent was obtained from all the patients before they had surgery. In addition, clinical and pathological data including numbers of HCC nodules, tumor size, vascular invasion of tumor cells and duration of survival were provided by TLCN. This study was approved by the Institutional Review Board of National Yang Ming University and the user committee of TLCN.
Plasmids and Lentiviral Constructs
In total, nine plasmids were constructed for the analysis of interactions between GNMT and DEPTOR. In addition, two lentiviral constructs were made to generate HuH-7 stable cells expressing GNMT or DEPTOR protein. Detailed methods are described in the Supplementary Data. Two plasmids encoding different shRNAs for DEPTOR (pLKO.1-shDEPTOR-1 and pLKO.1-shDEPTOR-2) were purchased from Addgene (http:// www.addgene.org). The control plasmids for the RNA interference (pLKO.1-shLuc) and for the overexpression experiments (pLKO_AS3w.eGFP.puro) were obtained from the National RNAi Core Facility (Academia Sinica, Taiwan).
Generation of HuH-7 Stable Cells
HEK293T cells were cotransfected with a packaging plasmid-pCMV-ΔR8.91, a VSV-G envelope expressing plasmidpMD.G and one of the following lentiviral constructs: pLKO.1-shLuc, pLKO.1-shDEPTOR-1, pLKO.1-shDEPTOR-2, pLKO_AS3w.eGFP.puro, pLV-GNMT-FLAG and pLV-HA-DEPTOR using TurboFect™ Reagent (Fermentas, Hanover, MD, USA). A supernatant containing lentiviruses was harvested according to the protocol published on the website http://rnai.genmed.sinica.edu.tw. To generate stable cell lines, HuH-7 cells were infected with pseudo-typed lentivirus in medium containing polybrene (8 μg/mL). Twenty-four hours after infection, the cells were treated with puromycin (1 μg/mL) to select stable cells.
Cell Culture and Transfection
HEK293T and HuH-7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL, Grand Island, NY) with 10% heat-inactivated fetal bovine serum (HyClone, Logan, UT, USA), penicillin (100 U/mL), streptomycin (100 μg/mL), nonessential amino acids (0.1 mmol/L), and L-glutamine (2 mmol/L) in a humidified incubator with 5% CO 2 . Lentivirus-infected cells including HuH-7-shLuc, HuH-7-shDEP-TOR-1, HuH-7-shDEPTOR-2, HuH-7-GFP, HuH-7-GNMT and HuH-7-DEPTOR were grown in DMEM supplemented with 1 μg/mL puromycin. Plasmid DNA was transfected by using TurboFect Reagent (Fermentas). All transfections were performed according to the manufacturer instructions.
Yeast Two-Hybrid Screening
Human GNMT cDNA was subcloned into the pGBKT7 vector (Clontech, Palo Alto, CA, USA). A human kidney cDNA library fused to the pACT2 vector (Clontech) was used as the prey. Colonies were selected under high stringency con-ditions according to the manufacturer instructions. After screening three times, repeatedly positive colonies were transferred onto a filter membrane and subjected to β-galactosidase assays. Plasmids retrieved from the positive clones were sequenced. The genes related to the inserts were subsequently identified by using the BLAST program and the National Center for Biotechnology Information (NCBI) GenBank database.
Immunoprecipitation and Western Blotting
Mouse liver or cultured cells were lysed by using lysis buffer supplemented with protease and phosphatase inhibitors (see Supplementary Data). Cell lysates were incubated with 10 μg anti-HA monoclonal antibody (mAb) (Covance, Berkeley, CA, USA), anti-mTOR antibody (Cell Signaling Technology, Beverly, MA, USA), anti-DEPTOR mAb (YMAC Biotech, Taipei, Taiwan) or anti-GNMT mAb (YMAC Biotech) for 1 h at 4°C, followed by the addition of 20 μL protein-A/G sepharose (Calbiochem, Merck, Darmstadt, Germany) and incubation for 4 h. The beads were washed three times with lysis buffer and resuspended in a sample buffer for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analyses. Similar procedures were used for immunoprecipitation of the mTOR related complex, except that for the lysis buffer was replaced by mTOR complex buffer (50 mmol/L Tris [pH 7.5], 150 mmol/L NaCl, 5 mmol/L ethylenediaminetetraacetic acid [EDTA] and 0.3% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) (19) . Detailed methods for Western blotting are described in the Supplementary Data.
Indirect Immunofluorescent Antibody and Fluorescence Resonance Energy Transfer-Acceptor Bleaching Assays
Indirect immunofluorescent antibody assay was performed as described previously (15) . Anti-HA mAb (1:400 dilution; Covance) and rabbit anti-GNMT antiserum (1:100 dilution; YMAC Biotech) were used as the primary antibodies, whereas fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG (1:400 dilution) and tetramethylrhodamine isothiocyanate-conjugated anti-rabbit IgG (1:400 dilution) (Chemicon, Temecula, CA, USA) were used as the secondary antibodies. Confocal microscopy was performed by using a Leica TCS SP2 inverted fluorescence microscope. A fluorescence resonance energy transfer-acceptor bleaching (FRET-AB) assay (20) was performed by using a Leica TCS SP5 Confocal Spectral Microscope Imaging System, and the acceptor photobleaching was carried out according to the manufacturer's instructions. In brief, cells were bleached in the rhodamine channel by scanning a region of interest for 10 s with a 561-nm diode-pumped solid state (DPSS) laser line at 100% intensity. Both FITC and rhodamine images were captured before and after each bleaching. Energy-transferred efficiency was calculated by using the fol- 
Immunohistochemical Staining
Detailed procedures for immunohistochemical (IHC) staining have been described previously (16) . Mouse monoclonal antibodies against DEPTOR (1:50 dilution; YMAC Biotech) and Ki-67 (1:50 dilution; Becton Dickinson, Taipei, Taiwan) were used. Signals were visualized by using SuperPicTure™ Polymer Detection Kits (Zymed, Invitrogen, Carlsbad, CA, USA).
Cell Proliferation and Cytotoxicity Assays
For cell proliferation assay, HuH-7 cells were cultured in a 48-well plate in triplicate and fixed at different time points with 0.05% crystal violet in 10% formalin. Each well was then washed multiple times with water. To measure relative cell density, crystal violet was resolubilized in 10% acetic acid, and the absorbance at 595 nm was recorded by using a Varioskan Flash spectral scanning multimode reader (Thermo Scientific, Waltham, MA, USA). For cytotoxicity assay, cells were seeded in a 96-well plate in triplicate and treated with rapamycin. Then, culture medium was replaced by 100 μL fresh medium containing 10 μL of 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) stock solution (Sigma-Aldrich, St. Louis, MO, USA) (21) . After 4 h of labeling the cells with MTT, the medium was replaced with 100 μL dimethyl sulfoxide for 10 min at 37°C. Samples were mixed and the absorbance was read at 540 nm by using the same reader mentioned above.
Senescence Associated-β-Gal Staining
Senescence associated (SA)-β-gal staining was performed according to the methods published previously (22) . In brief, cells were fixed by using 2% formaldehyde and 0.2% glutaraldehyde for 10 min at room temperature. Then, they were incubated with SA-β-gal stain solution at 37°C (without CO 2 ) for 12-16 h. The results were recorded by using both phasecontrast and bright-field microscopy.
Flow Cytometry
For cell cycle progression analysis, HuH-7-GFP or HuH-7-GNMT stable cells had been synchronized at G0/G1 phases by allowing them to grow to confluence (called time 0) and then reseeded the cells at subconfluent density. Both floating and adherent cells were harvested, combined and processed at different time points. Cells were fixed with ice-cold 70% ethanol at -20°C, washed and resuspended in 0.5 mL PBS containing propidium iodide (10 μg/mL) and RNase A (1 mg/mL). After incubating at 37°C for 30 min, the cells were analyzed by using a FACSCanto flow cytometer (Becton Dickinson) and the data were analyzed by using ModFit LT 2.0 software.
Xenograft and Rapamycin (RAD001) Treatment
Six-week-old athymic female NOD/SCID mice were injected with 1 × 10 6 HuH-7-GFP or HuH-7-GNMT stable cells in the right flank subcutaneously. Seven days later, mice were randomized into two groups and injected intraperitoneally with either RAD001 (everolimus, a soluble derivative of rapamycin; Novartis, East Hanover, NJ, USA), at a dosage of 50 μg/kg three times per week, or placebo (drug vehicle provided by Novartis). Tumor growth was monitored at least twice a week by using Vernier caliper measurement of the length (L) and width (W) of the tumor. Tumor volume (TV) was calculated as follows: TV = (L × W 2 )/2. The protocol was reviewed and approved by the Institutional Animal Care and Use Committee of National Yang-Ming University in compliance with the guidelines on the care and use of animals for scientific purpose.
Statistical Analysis
Statistical analysis was performed by using SPSS (version 13.0) and P < 0.05 was considered to be statistically significant. Pearson χ 2 or Fisher exact tests were used to evaluate the association between DEP-TOR expression and different clinicopathological characteristics of HCC patients. Multivariate logistic regression models were used to adjust for covariate effects on the odds ratio. Comparisons between groups were made by using the Student t test. The Kaplan-Meier estimation method was used for overall survival analysis, and a log-rank test was used to compare differences. Multivariate survival analyses were conducted by using a Cox proportional hazards regression model.
All supplementary materials are available online at www.molmed.org.
RESULTS
Identification of DEPTOR as a GNMT Binding Protein and Mapping of Their Interactive Domains
To identify proteins interacting with GNMT, full-length human GNMT was used as the bait in a yeast two-hybrid screen system with a human kidney cDNA library. A positive clone containing a sequence encoding the C-terminal region of DEP domain containing 6 (DEPDC6) was identified ( Figure 1A and Supplementary Figure 1 ). Because Peterson et al. (9) reported that DEPDC6 is an mTOR binding protein and designated it as DEPTOR, we will use DEPTOR instead of DEPDC6 in this report. The interaction between GNMT and DEPTOR was confirmed by both immunoprecipitation and FRET-AB experiments. As shown in Figures 1B and C, immunoprecipitation of either HAtagged DEPTOR or endogenous DEPTOR coprecipitated FLAG-tagged GNMT. In addition, we detected endogenous DEP-TOR in GNMT immunoprecipitants prepared from mouse liver ( Figure 1D ).
FRET-AB assay showed that GNMT interacted with DEPTOR directly in the cytoplasm. Compared to the prebleaching panel, the intensity of the FITC green fluorescence in the DEPTOR panel increased significantly after the rhodamine fluorophore was destroyed by laserphotobleaching ( Figure 1E ). To map the interactive domains between GNMT and DEPTOR, eight plasmids containing different domains of DEPTOR or GNMT were constructed (see Figure 1A) . The results showed that the FRET efficiency between full-length GNMT and DEP domains of DEPTOR decreased significantly. In addition, a >50% decrease of the FRET efficiency was found between full-length DEPTOR and the N-terminal of GNMT ( Figure 1F and Supplementary  Figure 2) . In contrast, the FRET efficiency between (a) full-length GNMT and the PSD-95/Dlg1/ZO-1 (PDZ) domain of DEPTOR and (b) full-length DEPTOR and the C-terminal 171-295 amino acid fragment of GNMT were comparable to the results observed between full-length GNMT and full-length DEPTOR (see Figures 1E, F) . Therefore, the C-terminal half of GNMT interacts with the PDZ domain of DEPTOR.
Expression Levels of DEPTOR in Tumorous Tissues from HCC Patients and Its Association with Their Survival
IHC staining was used to compare the expression levels of DEPTOR between tumorous (T) and tumor-adjacent (TA) tissues obtained from HCC patients. As shown in Figure 2 , DEPTOR was mainly expressed in the cytoplasm, whereas nuclear staining was also observed (Figures 2A-F) . Among 51 pairs of T and TA tissue samples, 27.5% had higher expression levels of DEPTOR in tumorous tissues than in the TA tissues (Table 1 ). In addition, 43.8% (7/16) of patients with HBsAg-positive and 33.3% (6/18) of patients with anti-HCV antibodies had higher expression levels of DEPTOR in the tumorous tissues than in the TA tissues. Multivariate logistic-regression analysis indicated that the expression of DEPTOR significantly correlates with HBV infection (odds ratio 10.29, 95% confidence interval [CI] 1.05-11.29) ( Table 2) . Furthermore, higher level of DEPTOR in the tumorous tissues was associated with poorer survival (Figure 2G , log-rank test, P = 0.009). A Cox proportional hazards test was used to evaluate factors associated with prognosis of the HCC patients, and the results indicated that the association between death and DEPTOR overexpression is statistically significant (T > TA versus T ≤ TA: adjusted hazard ratio 4.51; 95% CI 1.60-12.7, P = 0.004) (Supplementary Table 1 ). Therefore, overexpression of DEPTOR in the tumorous tissues is frequently found in patients with HBV infection and associated with prognosis of HCC patients independent of sex, tumor type (one versus multiple tumor nodules) or tumor-node-metastasis (TNM) stages.
Regulation of mTOR/Raptor Signaling by DEPTOR in HuH-7 Cells
To elucidate the role of DEPTOR in the tumorigenesis of HCC, its expression was knocked down in HuH-7 cells by infection with lentiviruses carrying shRNAs targeted at DEPTOR. As shown in Figure 3A and Supplementary Figure  3 , downregulation of DEPTOR resulted in activation of S6K and 4E-BP as well as in an increase in cell size. In addition, a reduction of Akt phosphorylation was also noted. Moreover, compared with the HuH-7-shLuc control cells, the proliferation rates of HuH-7-shDEPTOR-1 cells or HuH-7-shDEPTOR-2 cells decreased significantly ( Figure 3B ). Consistent with this observation, downregulation of DEPTOR in HA22T cells led to considerable reduction of growth rates (Supplementary Figure 4) .
On the other hand, overexpression of DEPTOR in HuH-7 cells suppressed 4E-BP activation, whereas no obvious change was found in the phosphoryla- tion of S6K ( Figure 3C ). However, a significant increase in Akt phosphorylation was observed in DEPTOR overexpressing HuH-7 cells (see Figure 3C) . Interestingly, we showed that GNMT counteracted the effect of DEPTOR on the induction of Akt activation ( Figure 3D ). Furthermore, when a mutant N140S-GNMT, which possesses <0.5% enzymatic activity of wild-type GNMT (23, 24) , was coexpressed with DEPTOR, such a blockage effect still existed (see Figure 3D ).
In addition, overexpression of DEP-TOR increased the viability of HuH-7 cells significantly when they were cultured in a medium with only 0.1% fetal calf serum (FCS) ( Figure 3E ). Such an effect was not observed in cells cultured in a medium containing 10% FCS (Supplementary Figure 5 ). It is important to note that it did not matter if the cells were cultured with 10% or 0.1% FCS; there was no difference in the caspase 3 levels between HuH-7-DEPTOR and HuH-7-GFP control cells ( Figure 3F ). This result suggests that DEPTOR may extend cell survival through mechanism(s) other than inhibition of apoptosis. Because autophagy plays an important role for cell survival when cells are starved and it is negatively regulated by mTOR (8, 25) , we tested whether overexpression of DEPTOR activates autophagy in cells cultured in serumdepleted medium. The results showed that compared with the HuH-7-GFP cells, HuH-7-DEPTOR cells had significantly higher levels of both Beclin-1 and microtubule-associated protein 1 light chain 3 beta (LC3B) (see Figure 3F ).
Effects of GNMT on mTOR/Raptor Downstream Signaling
Because GNMT is a DEPTOR-binding protein, we hypothesized that it is involved in the regulation of the mTOR signaling pathway. The results showed that overexpression of GNMT led to increases of both 4E-BP phosphorylation and cell size ( Figure 4A and Supplementary Figure 6 ). In addition, overexpression of DEPTOR in HuH-7-GNMT stable cells resulted in the neutralization of the effect of GNMT on 4E-BP phosphorylation (see Figure 4A ). Concerning the activation of autophagy, the amount of LC3B-I and -II in HuH-7-GNMT cells was significantly lower than in the HuH-7-GFP cells when the cells were cultured in medium containing only 0.1% FCS ( Figure 3F ). This result indicates that GNMT activates mTOR/ raptor downstream signaling in HuH-7 cells.
Because it has been reported that DEPTOR binds to mTOR via its PDZ domain (9), we hypothesized that GNMT competes with mTOR for its binding with DEPTOR. Immunoprecipitation experiments demonstrated that GNMT and mTOR were not present in the same complex ( Figure 4B, C) . Moreover, in the cells overexpressing GNMT, the amount of mTOR decreased in the DEPTOR precipitants and vice versa (see Figure 4C) . Therefore, GNMT activates mTOR/raptor downstream signaling via interrupting the interaction between mTOR and DEPTOR.
Effects of GNMT on Cell Cycle and Cell Proliferation
As shown in Figure 4D , the growth rate of HuH-7-GNMT cells was signifi- Transiently expressed DEPTOR in HuH-7 cells caused an increase in the phosphorylation of Akt, which could be counteracted by coexpression of GNMT or the N140S mutant GNMT. (E) DEPTOR overexpression extends survival of HuH-7 cells grown in medium containing 0.1% serum. GFP and DEPTOR stable cells were seeded on 48-well plates for 24 h (d 0); then cells were cultured in DMEM containing 0.1% serum. Cell proliferation was evaluated as described in (B). *P < 0.05; **P < 0.01. (F) Effects of DEPTOR and GNMT on apoptosis and autophagy in HuH-7 cells. Different HuH-7 stable cells were cultured in normal medium (10% serum) or in medium with 0.1% serum for 3 d and were then harvested and analyzed by Western blotting for indicated proteins. Each experiment was repeated three times. Panel B: ------, HuH-7-shLuc; --, HuH-7-shDEPTOR-1; - -HuH-7-shDEPTOR-2; panel E: --, HuH-7-GFP; --, HuH-7-DEPTOR.
cantly slower than that of HuH-7-GFP cells. Similar results were also observed in HepG2 cells overexpressing GNMT (Supplementary Figure 7) . Because it was reported that activation of mTOR causes cellular senescence in nonproliferating cells (26, 27) , we hypothesized that GNMT not only activates mTOR signaling, but also affects cell cycle progression, which results in cellular senescence and growth suppression. Cell cycle analysis showed that, 36 h after the cells entered the cell cycle, the percentages of cells in the G2/M phase for HuH-7-GNMT cells and HuH-7-GFP cells were 23.8% and 10.4%, respectively ( Figure 4E ). Furthermore, SA-β-gal assay demonstrated that HuH-7-GNMT cells had a significantly higher rate of positive staining than HuH-7-GFP cells ( Figure 4F and Supplementary Figure 8) .
GNMT Sensitizes HuH-7 Cells to Rapamycin Treatment
Because overexpression of GNMT delayed cell cycle progression, we decided to test whether overexpression of GNMT has any effect on HCC cells treated with the mTOR inhibitor rapamycin. The results of MTT assay revealed doseresponsive effects of rapamycin treatment in both HuH-7-GFP and HuH-7-GNMT cells ( Figure 5A ). In addition, compared with HuH-7-GFP cells treated with 4, 20 or 100 nmol/L rapamycin, the HuH-7-GNMT cells consistently had slower growth rates (see Figure 5A ). In the presence of 4 nmol/L rapamycin, the viability of HuH-7-GNMT cells was significantly lower than that of HuH-7-GFP cells ( Figure 5B) .
The additive effect of GNMT to the rapamycin treatment was further tested in vivo by using a xenograft model. After being inoculated with either HuH-7-GNMT or HuH-7-GFP cells for 1 wk, the mice were treated with either RAD001 (a soluble derivative of rapamycin) or the drug vehicle (the placebo group). The results showed that compared with the tumors formed from HuH-7-GFP cells, overexpression of GNMT reduced 23% of tumor growth ( Figure 5C ). Compared to HuH-7-GFP tumors that received placebo, treated HuH-7-GFP tumors with RAD001 resulted in 37% reduction of tumor growth. Importantly, RAD001 treatment of HuH-7-GNMT tumors achieved better tumor shrinkage (53% reduction; see Figure 5C ). Furthermore, IHC staining with anti-Ki-67 antibody showed that both GNMT overexpression and RAD001 treatment could lead to the downregulation of Ki-67 expression in Stably expression of GNMT in HuH-7 cells causes an increase in the phosphorylation of 4E-BP, which can be counteracted by transiently transfecting DEPTOR into a GNMT stable cell line. (B, C) GNMT does not interact with mTOR but interferes with the interaction between DEPTOR and mTOR. HuH-7 cells were transfected with indicated plasmids and harvested for immunoprecipitation analysis. Endogenous mTOR is not present in the anti-FLAG immunoprecipitants (B), and FLAG-tagged GNMT is not present in the precipitant pulled down by antibody against endogenous mTOR (C). In GNMT-expressing cells, the amount of DEPTOR in the mTOR precipitants is decreased and vice versa (C). (D) GNMT overexpression in HuH-7 cells led to a decrease in proliferation. GFP and GNMT stable cells were seeded on 48-well plate; cell proliferation was evaluated as described in Figure 3B . *P < 0.05. (E) GNMT overexpression in HuH-7 cells led to G2/M arrest. GFP and GNMT stable cells were synchronized at the G0/G1 phase and allowed to reenter the cell cycle. The cells were fixed at the indicated time point, and cell cycle profiles were recorded by flow cytometry. Quantification of the percentage of cells in the G2/M phase of the cell cycle is shown. Each experiment was repeated at least two times. (F) Expression of SA-β-gal in GFP and GNMT stable cells. Quantification of β-gal expression in GFP and GNMT stable cell lines are shown. Data are presented as means ± SD of 15-20 random fields with 100× magnification from two independent experiments. **P < 0.01. IP, immunoprecipitation; Ig H, IgG heavy chain; --, HuH-7-GFP; --------, HuH-7-GNMT.
the xenograft tumors, and it seems that they have additive effects to such downregulation ( Figure 5D ).
DISCUSSION
In this study, we identified DEPTOR as a GNMT binding protein and confirmed that they interact with each other directly by using different methods, including coimmunoprecipitation and FRET-AB assays (Figure 1) . It is important to note that GNMT uses its C-terminal domain to bind the PDZ domain of DEPTOR. Because GNMT forms dimmers or tetramers via its N-terminal domain (28) , the interaction with DEPTOR should not hinder its dimmer/tetramer formation. In contrast, the interaction between GNMT and DEPTOR may interfere with DEPTOR-mTOR interaction, since the DEPTOR uses its PDZ domain to bind mTOR (9) .
Previously, Peterson et al. (9) reported that DEPTOR was overexpressed abundantly in a subset of multiple myelomas with cyclin D1/D3 or c-MAF/MAFB translocations, whereas it was downregulated in most of the cancer that they tested. However, these authors did not study the expression of DEPTOR in HCC. In the present study, we found that 27.5% of tumorous tissues from HCC patients have overexpression of DEPTOR (see Table 1 ). Moreover, HBV infection is significantly associated with the overexpression of DEPTOR in HCC. It was reported that HBV DNA is integrated into chromosomes of the host cells, which results in a wide range of genetic alterations. Such mechanism has been proposed to play an important role in the hepatocarcinogenesis (29) . The integration of viral DNA was observed within genes that are important for cell growth, such as the cyclin A gene (30) , the retinoic acid receptor β gene (31) and the human telomerase reverse transcriptase gene (32) . In addition, the hepatitis B virus X protein (HBx) was shown to function as a transcriptional transactivator of various cellular genes associated with growth control (29) . HBx also decreases proteasomal degradation of β-catenin, which in turn increases the expression of its downstream targets c-myc and cyclin D1 (33) . Therefore, it is possible that HBV DNA integration and the regulatory protein HBx are involved in the upregulation of DEPTOR in HBV-associated HCC. In this study, the loss-of-function experiment indicated that the function of DEPTOR in the mTOR pathway in the HCC cells is similar to that in multiple myeloma cells (9) . It was reported that in multiple myeloma, a plasma cell malignancy, high-level synthesis of secretary proteins makes them more susceptible to endoplasmic reticulum (ER) stress than other types of cells (34) . The suppression of mTOR/raptor signaling by overexpression of DEPTOR resulted in an inhibition of protein synthesis and, subsequently, the reduction of ER stress (9) . Because liver plays the dominate role in plasma proteins production (35) , the mechanism mentioned above may be applicable to hepatocytes as well. In addition, HBV infection was reported to induce ER stress in hepatocytes (36, 37) , and it remains to be determined whether viral infection has a direct effect on DEP-TOR activation or whether DEPTOR activation is a cellular defense mechanisms against HBV infection.
Chronic HBV infection was shown to increase the risk of liver cirrhosis (38) . However, we did not found any correlation between DEPTOR overexpression and liver cirrhosis in this study. This result may be because of the limitation of the sample size. Further study with a larger sample size is needed to elucidate the association between DEPTOR overexpression and different clinical features of HCC.
It is important to note that despite increased Akt phosphorylation was observed when DEPTOR was overexpressed in HuH-7 cells, S6K phosphorylation was not suppressed significantly. This result suggests that activation of Akt by DEPTOR may be through a pathway other than the feedback inhibitory loop from S6K to PI3K in HuH-7 cells. This outcome is distinctively different from the phenomenon found in multiple myeloma cells. Recently, we found that DEPTOR interacts with phosphatidylinositol-3,4,5-trisphosphate-dependent Rac exchange factor 2 (P-Rex2), which was reported to be an inhibitor of phosphatase and tensin homolog (PTEN) (39) . In addition, knocking down of P-Rex2 expression in HuH-7 cells abrogated Akt activation induced by DEPTOR (C-H Li, personal communication). Therefore, DEPTOR activates Akt through other mechanisms.
In addition, our results also indicate that, besides mTOR, there might be other kinases that are capable of phosphorylating S6K in hepatocytes. Consistent with this observation, it was reported that rapamycin dramatically decreases the phosphorylation of 4E-BP, but it has little effect on the phosphorylation of S6K in HuH-7 cells (40) . Previously, Belham et al. (41) identified NIMA (never in mitosis gene a)-related kinase 6 (NEK6) and NEK7 as the major kinases responsible for the phosphorylation of hydrophobic regulatory sites of S6K in rat liver (41) . They demonstrated that NEK6 phosphorylates and activates S6K in vitro and in vivo. Although there was some controversy (42), these results do not rule out the possibility that activation of S6K could be regulated by multiple mechanisms, especially in a major secretary organ such as the liver.
In this study, we demonstrated that in addition to participating in the mTOR signaling pathway through interacting with DEPTOR, GNMT counteracts DEP-TOR-induced Akt activation in HuH-7 cells. Moreover, the N140S mutant of GNMT also possesses such a blockage effect ( Figure 3D ). It was reported that an N140S mutant of GNMT lost 99.5% of enzyme activity, while still possessing almost identical quaternary, tertiary and secondary structures as the wild-type GNMT (24) . Therefore, the regulatory function of GNMT on these signaling cascades is not associated with its enzyme activity. In addition, we demonstrated that overexpression of GNMT leads to G2/M arrest of the cell cycle. It is plausible that GNMT participates in various biological functions through interacting with different proteins. Studies on the role that GNMT plays in cell cycle control are currently under investigation.
CONCLUSION
The application of the multitargeted kinase inhibitor sorafenib in the clinical management of patients with HCC represents a breakthrough in translational medicine (2, 3) . However, its benefits are modest and only occur in select patients (2) . Currently, many clinical trials by using mTOR inhibitors alone or in combination with other molecular targeting agents are taking place (2, 43, 44) . To optimize these treatments, more studies are needed to understand the network of mTOR signaling. In this study, we demonstrate that GNMT overexpression reduces tumor growth in vivo, which is consisting with the in vitro data. Importantly, combination of rapamycin and GNMT overexpression showed an additive anticancer effect. Because the haplotypes and phenotypes of GNMT have been characterized (45) , such information may serve as a predictive marker for the responsiveness of HCC patients to rapamycin treatment. Further studies are needed to elucidate whether GNMT could serve as a therapeutic agent or as a sensitizer for other molecular targeting agents.
